Sialyltransferases are responsible for the synthesis of a diverse range of sialoglycoconjugates predicted to be pivotal to deuterostomes' evolution. In this work, we reconstructed the evolutionary history of the metazoan 2,3-sialyltransferases family (ST3Gal), a subset of sialyltransferases encompassing six subfamilies (ST3Gal I-ST3Gal VI) functionally characterized in mammals. Exploration of genomic and expressed sequence tag databases and search of conserved sialylmotifs led to the identification of a large data set of st3gal-related gene sequences. Molecular phylogeny and large scale sequence similarity network analysis identified four new vertebrate subfamilies called ST3Gal III-r, ST3Gal VII, ST3Gal VIII, and ST3Gal IX. To address the issue of the origin and evolutionary relationships of the st3gal-related genes, we performed comparative syntenic mapping of st3gal gene loci combined to ancestral genome reconstruction. The ten vertebrate ST3Gal subfamilies originated from genome duplication events at the base of vertebrates and are organized in three distinct and ancient groups of genes predating the early deuterostomes. Inferring st3gal gene family history identified also several lineage-specific gene losses, the significance of which was explored in a functional context. Toward this aim, spatiotemporal distribution of st3gal genes was analyzed in zebrafish and bovine tissues. In addition, molecular evolutionary analyses using specificity determining position and coevolved amino acid predictions led to the identification of amino acid residues with potential implication in functional divergence of vertebrate ST3Gal. We propose a detailed scenario of the evolutionary relationships of st3gal genes coupled to a conceptual framework of the evolution of ST3Gal functions.
Introduction
Sialyltransferases are biosynthetic enzymes of the sialic acid metabolic pathway that mediate the transfer of sialic acid residues to terminal nonreducing positions of a variety of oligosaccharide chains found on glycoproteins and glycolipids. Their activities lead to the formation of the so-called sialome (Cohen and Varki 2010) specific of each tissues of all the biological systems of the vertebrate species (Varki 2006 (Varki , 2011 . Owing to their anionic charge and their peripheral position in glycans at the cell surface, sialic acids are crucial players modulating cell functions and regulating cell communications. For instance, sialylated glycans represent specific receptors for various vertebrate-binding proteins such as selectins mediating leukocytes and platelets trafficking, and siglecs involved in immune cell regulation. Likewise, a number of pathogenic agents such as viruses (influenza virus A, myxoviruses) and bacteria (Helicobacter pylori, Pseudomonas aeruginosa) also evolved this ability to read a specific sialylated sugar code (Gabius 2000; Gabius et al. 2002) distinguishing 2,3or 2,6-linked sialic acids to dock in the vertebrate host tissues (Lehmann et al. 2006) . Therefore, variability of the cognate 2,3/6-sialyltransferases is likely to have played major roles in the coevolution of these crucial self and nonself interactions, although this remains a poorly debated issue. Twenty sialyltransferases have been described and characterized mostly in the human, mouse, and chicken tissues (reviewed in Harduin-Lepers 2010 . Classically, vertebrate sialyltransferases are classified into four families depending on ß The Author 2014. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com Open Access the glycosidic linkage formed (i.e., 2,3-, 2,6-, or 2,8-) and their primary monosaccharide acceptor (i.e., galactose [Gal] , N-acetylgalactosamine [GalNAc] or another sialic acid residue), and are named ST3Gal, ST6Gal, ST6GalNAc, and ST8Sia, accordingly. At the protein level, vertebrate sialyltransferases show comparable architecture with a short cytoplasmic tail, a unique transmembrane domain, a stem region of variable length, and a C-terminal catalytic domain of about 260 amino acids oriented within the trans-Golgi network of the cell (Harduin-Lepers 2013) . Despite low overall protein sequence identities (15-57% for human sialyltransferase paralogs), sialyltransferase proteins share four conserved peptide motifs located in the catalytic domain known as sialylmotifs Large, Small, III, and Very Small (L, S, III, and VS, respectively) essential in substrates binding (Datta and Paulson 1995; Geremia et al. 1997; Datta et al. 1998 ) and in the catalytic activity (Jeanneau et al. 2004; Kim et al. 2010; Audry et al. 2011; Rakic et al. 2013; Takashima et al. 2013 ). In addition, five family peptide motifs (noted motif a through e) of 4-20 amino acids further differentiate each family in metazoa (Patel and Balaji 2006; Harduin-Lepers 2010 . Altogether, these conserved peptide motifs represent useful hallmarks for animal sialyltransferases identification. At the gene level, each sialyltransferase family shows an evolutionary conserved gene structure made up of multiple exons. In addition, they are widely dispersed in mammalian genomes Harduin-Lepers et al. 2005; Takashima 2008; Harduin-Lepers 2010) . A seminal work reported on the ancient occurrence of sialyltransferase-related genes in "basal" metazoan species, much sooner than previously anticipated and the sudden emergence of several new sialyltransferase sequences more or less retained in the various vertebrate lineages (Harduin-Lepers et al. 2005; Varki 2006 Varki , 2011 . Two of the four sialyltransferase multigene families (e.g., ST8Sia and ST6Gal) were subjected to phylogenetic reconstructions in the context of the two rounds of wholegenome duplication (2R-WGD) events that occurred in early vertebrates (Ohno 1970) shedding new light into the key genetic events underpinning the establishment of 2,6and 2,8-sialylation machineries (Harduin-Lepers et al. 2008; Petit et al. 2010 Petit et al. , 2013 . Almost nothing is known pertaining to the origin and evolutionary history of two remaining sialyltransferase families (e.g., ST6GalNAc and ST3Gal).
In this study, we examined in deep details the ST3Gal family in an effort to understand the forces that shaped the human genome content of st3gal-related genes. As reviewed recently, six -galactoside 2,3-sialyltransferases denoted ST3Gal I through ST3Gal VI belonging to the ST3Gal family have been cloned from mouse and human genomes (Harduin-Lepers 2010 . Genes encoding these subfamilies were arbitrarily denoted by numbers (e.g., ST3GAL1-ST3GAL6 in human and st3gal1-st3gal6 in mice) according to a systematic nomenclature (Tsuji et al. 1996) (Lehmann et al. 2008 ) and from the amphioxus Branchiostoma belcheri (Gu erardel et al. 2012) suggesting that the ST3Gal family is present in a few copy number in tunicates and in cephalochordates.
The first aim of this study was to provide information on the mechanisms involved in st3gal gene expansion in metazoan. We identified several new st3gal-related sequences inferred from genome and transcriptome sequencing projects available in public databases that disappeared in mammals. We further analyzed the evolutionary history of this family in the context of the 2R-and teleost-specific 3R-WGD (Jaillon et al. 2004 ) genetic events using molecular phylogeny and synteny analysis including the use of comparative genomic programs (Catchen et al. 2009; Louis et al. 2012) . We also took advantage of the ancestral genome reconstruction concept as an independent way to definitively infer orthologous/paralogous relationships of the vertebrate st3gal-related sequences (Kasahara et al. 2007; Nakatani et al. 2007; Putnam et al. 2008 ), according to a strategy illustrated recently by Yegorov and Good (2012) . Furthermore, we present a conceptual framework to understand the specific forces influencing st3gal-related gene copy evolution. In particular, we brought attention to the events that might have led to st3gal gene losses in some vertebrate lineages. It has been argued that genes with a higher propensity to be lost along evolution showed 1) higher substitution rates under relaxed selection (Lynch and Conery 2000) and 2) low levels of expression in a limited number of tissues (Krylov et al. 2003; Wolf et al. 2006) . Toward this aim, we determined the evolution rates of ST3Gal proteins, and compared the expression pattern of st3gal genes in vertebrate lineages, through functional genomics analysis of st3gal genes in the teleostean Danio rerio and the mammal Bos taurus.
The second goal of the study was to characterize the functional diversification underpinning the evolution of the various ST3Gal subfamilies. The six mammalian ST3Gal enzymes share similar molecular functions catalyzing the transfer of sialic acid residues to the terminal Gal residue of either the type 1, type 2, or type 3 disaccharides (Gal1, 3GlcNAc; Gal1, 4GlcNAc; or Gal1, 3GalNAc, respectively) resulting in the formation of 2-3 glycosidic linkages (Harduin-Lepers 2010). Briefly, ST3Gal I and ST3Gal II synthesize preferentially 2,3-sialylated structures on type 3 disaccharide as found on the mucin-type O-glycans of glycoproteins and on glycosphingolipids of the ganglioside series. ST3Gal III, ST3Gal IV, and ST3Gal VI enzyme activities result in 2,3-sialylated structures on type 1 or type 2 disaccharides leading to the formation of sialyl Lewis epitopes found on cell surface-expressed glycoproteins and glycolipids with binding activity to selectins. Finally, ST3Gal V uses mainly and to a lesser extent Gal-Cer glycosphingolipid substrates leading to the formation of the 2,3-monosialylated gangliosides named G M3 and G M4 , respectively. However, several in vitro studies conducted with recombinant ST3Gal enzymes have pointed to their slightly different and overlapping enzymatic specificity based on the underlying carbohydrate chain and glycan class (Kitagawa and Paulson 1994; Kojima et al. 1994; Kono et al. 1997; Rohfritsch et al. 2006 ). This observation further suggested their common ancestry and functional divergence, although the underlying molecular bases remained unknown. A partial three-dimensional (3D)-structure of the pig ST3Gal I obtained recently (Rao et al. 2009 ) provided the first detailed structural and mechanistic insights into a mammalian sialyltransferase. Conserved amino acid residues interacting with both donor and acceptor substrates were identified resulting in a better understanding of the substrate specificity of ST3Gal. Interestingly, the presence of a disordered loop located next to the catalytic center was identified further suggesting significant conformational changes during catalysis in which a flexible loop acts as a lid covering the bound donor substrate. In this study, we predicted specificity determining positions (SDPs) and coevolved amino acid residues that might be involved in functional divergence of the various ST3Gals. Those functionally important sites were mapped on the unique available ST3Gal 3D structure to propose the residues changes that might be responsible for the different ST3Gal molecular functions.
This integrated study focusing on molecular evolution and expression of st3gal-related genes enabled us to identify four additional st3gal subfamilies in vertebrates. The ten vertebrate ST3Gal subfamilies originated from genome duplication events that occurred before or during the emergence of vertebrates. We further discuss the involvement of block duplication events that took place before the 2R-WGD and we propose an evolutionary scenario in which members of the ST3Gal family are organized in three distinct and ancient groups of genes predating the early deuterostomes. We assessed the various hypotheses relative to the gene loss trends, and we highlighted the biological context of these lineagespecific losses. Our study provided convincing evidences that st3gal-related genes evolved by expansion and decline according to various selective forces associated with speciation forces and environmental changes.
Results

Identification of st3gal-Related Genes in Eumetazoa
To identify st3gal-related genes, we carried out Basic Local Alignment Search Tool (BLAST) search in various invertebrate and vertebrate nucleotide databases using the known human ST3Gal sequences and taking advantage of the sialylmotifs L, S, III, and VS described in metazoan sialyltransferases and the family-motifs a, b, c characteristic of -galactoside 2,3-sialyltransferases (Patel and Balaji 2006; Harduin-Lepers 2010) . A broad distribution of st3gal genes was observed in metazoans from the sponge Oscarella carmela, where several expressed sequence tag (EST) sequences are attributable to a unique st3gal1/2 sequence to mammals. In Ambulacraria, we found two copies of st3gal gene in the hemichordate Saccoglossus kowalevskii and in the echinoderm Strongylocentrotus purpuratus and one copy in the sea urchin Hemicentrotus pulcherrimus genome. In chordates, the 2,3-sialyltransferase-related sequence content is variable among the three subphyla cephalochordates, urochordates, and vertebrates. A unique st3gal sequence was previously identified in the tunicates C. intestinalis and C. savignyi genome (Harduin-Lepers et al. 2005 ) and further enzymatically characterized as an ST3Gal I/II (Lehmann et al. 2008) . Several st3gal sequences were identified in Br. floridae and the expression of an amphioxus st3gal1/2 gene ortholog was studied recently in Br. belcheri (Gu erardel et al. 2012) . However, in spite of an extensive examination of Expressed Sequence Tags (EST) and Whole Genome Shotgun (WGS) sequences in public databases, no homologous st3gal gene could be identified in the cnidarian Nematostella vectentris or protostomes (nematodes, insects, crustacea, annelids, and mollusks). As summarized in table 1, most examined mammalian genomes contain orthologs of the six previously described 2,3-sialyltransferase members of the ST3Gal family. Interestingly, several paralogous sequences highlighted in gray in table 1, with variable length and lower sequence identities compared with their human counterpart, were identified in nonmammalian vertebrate species. The avian Gallus gallus shows eight 2,3-sialyltransferase-related sequences and the amphibian Silurana tropicalis genome contains seven 2,3-sialyltransferase-related sequences, whereas the axolotl Ambystoma mexicanum genome shows six st3gal-related gene sequences. The coelacanth Latimeria chalumnae shows seven 2,3-sialyltransferase-related sequences. In the Actinopterygii branch, the spotted gar Lepisosteus oculatus shows eight 2,3-sialyltransferase-related sequences, whereas teleost genomes (D. rerio and Gasterosteus aculeatus) show up to 12 -galactoside 2,3-sialyltransferase-related sequences expressed in the zebrafish liver cell line model ZFL (Vanbeselaere et al. 2012 ). Finally, six 2,3-sialyltransferase-related sequences were identified in the lamprey Petromyzon marinus. Altogether, this observation suggests the occurrence of multiple -galactoside 2,3-sialyltransferases paralogs in vertebrates whose origin and evolutionary relationships remain to be established. The accession numbers of the 121 st3gal sequences analyzed in this study are gathered in supplementary tables S1 and S2, Supplementary Material online.
Molecular Phylogeny Analysis: The st3gal Family Encompasses Ten Subfamilies in Vertebrates
As a first step in the molecular phylogeny analysis, we assessed the homology of vertebrate and invertebrate ST3Gal-related protein sequences by multiple sequence alignments (MSA) with MUSCLE (supplementary fig. S1 , Supplementary Material online). Following the best model suggested by Bayesian Information Criterion (BIC) for the Maximum Likelihood (ML), the method based on the Whelan and Goldman model (Whelan and Goldman 2001) +G +I was retained (see Materials and Methods). As several positions in the st3gal1/2/8 clade were not robustly supported, we conducted new analyses after removing the divergent D. rerio ST3Gal I sequences ( fig. 1 ). The ML and Minimum Evolution (ME) approaches gave very close topologies with three clearly defined monophyletic clades of 2,3-sialyltransferase-related sequences and an additional group of sequences found only in invertebrate deuterostomes.
The first group of 2,3-sialyltransferase-related sequences named GR1 in figure 1 gathers the well-known subfamilies ST3Gal I and ST3Gal II widely distributed in vertebrates. Interestingly, this GR1 group also includes a new subfamily present in each vertebrate order such as in the cartilaginous fish Callorhinchus milii, in the bony fish D. rerio (AJ783740, in table 1), in the coelacanth L. chalumnae, in the amphibians A. mexicanum and Si. tropicalis (AJ585763, in table 1), in G. gallus (XM_417321, in table 1) and in the nonavian sauropsida A. carolinensis, Python molurus and Chrysemys picta bellii, and notably absent in mammals (although traces of the st3gal8 gene could be detected in the gorilla genome, data not shown). Consequently, we have named this subfamily ST3Gal VIII according to the refined nomenclature of sialyltransferases that reflects their evolutionary relationships proposed in Petit et al. (2013) . The genome of the lamprey P. marinus contains a sequence well assigned to ST3Gal II. At the base of these three vertebrate subfamilies, we found well-supported 2,3-sialyltransferase-related sequences originating from early metazoa (O. carmela) and deuterostomia (S. kowalevskii, St. purpuratus, Br. floridae, and C. intestinalis) that are called ST3Gal I/II/VIII ( fig. 1 ). Comparative analysis of the genomic organization of the st3gal genes supports the hypothesis of an early individualization of GR1 group of sequences from GR2 and GR3 groups (data not shown). In the GR1 group, the gene structure is homogeneous and sialylmotif S split between two different exons, whereas it is found onto a unique exon for the genes of the GR2 and GR3 groups.
The second group of 2,3-sialyltransferase-related sequences named GR2 in figure 1 appears to be limited to vertebrates. It is composed of the two subfamilies already described in mammals ST3Gal IV and ST3Gal VI and a new vertebrate subfamily that we called ST3Gal IX. The ST3Gal IV
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Evolutionary Study of st3gal Gene Expression in Deuterostomes . doi:10.1093/molbev/msu395 MBE subfamily is present in each vertebrate order, even in the chondrichthyan C. milii and in P. marinus (only a short sequence was retrieved and excluded from further phylogenetic analysis). In contrast, the ST3Gal VI subfamily is absent in teleosts, but is still detected in L. chalumnae and short sequences are found in P. marinus. The presence of ST3Gal IX is sporadic and limited to the turkey Meleagris gallopavo, the chicken G. gallus (XM_004945803, in table 1), the turtles Pelodiscus sinensis and C. pictabellii, the green lizard A. carolinensis, and in the mammal platypus Ornithorhynchus anatinus. This ST3Gal IX sequence has disappeared in frog, fish, and other mammalian genomes.
The third group of 2,3-sialyltransferase-related sequences named GR3 represented in figure 1 FIG. 1. Maximum-likelihood phylogenetic tree of 121 sialyltransferases of the ST3Gal family. The tree with the highest log likelihood (À17,431.9308) is shown. A discrete Gamma distribution was used to model evolutionary rate differences among sites (five categories [+G, parameter = 1.1543]). The analysis involved 121 amino acid sequences. All positions with less than 95% site coverage were eliminated. There were a total of 228 positions in the final data set. Bootstrap values were calculated from 500 replicates and values greater than 80% are reported at the left of each divergence point. The bootstrap values indicated at the left correspond to ML and the right ones to ME. Petit et al. . doi:10.1093/molbev/msu395 MBE from fish to human. The remaining one renamed ST3Gal VII (Petit et al. 2013 ) is related to the ST3Gal V subfamily. It is restricted to bony fishes (Le. oculatus and teleosts) and to L. chalumnae further suggesting that this gene has disappeared from tetrapod lineages. The corresponding st3gal7 gene was previously identified in the zebrafish genome (AJ783742, in table 1) (Harduin-Lepers et al. 2005 ) and more recently enzymatically characterized as a G M4 synthase (Chisada et al. 2009 ). Finally, several teleost species such as D. rerio possess two ST3Gal III-related sequences named ST3Gal III (AJ626821, in table 1) and ST3Gal III-r (AJ626820, in table 1). Three sequences of sea-urchin St. purpuratus branch out of the tree before the emergence of the three subfamilies and two sequences of Br. floridae are related to the ST3Gal III from ME analysis and to ST3Gal V/VII from ML analysis. We hypothesize that these two amphioxus sequences should be better placed at the base of the three vertebrate subfamilies, as for the three sea-urchin sequences. The genomic organization of the vertebrate genes supports the relationship between st3gal5 and st3gal7 genes as both groups of sequences have lost three exons in regions encoding the stem and beginning of the catalytic domains compared with the other genes of GR1 and GR2 (data not shown).
Interestingly, we delineated an additional group of 2,3sialyltransferase-related sequences named GRx. These sequences are restricted to the invertebrate deuterostomes in the amphioxus Br. floridae and in the hemichordate S. kowalevskii ( fig. 1 ).
We also observed on the phylogenetic tree that the branch lengths in the various vertebrate ST3Gal subfamilies were extremely variable. We thus assessed the significance of these differences by calculating change rates by site and subfamilies. As expected, the profiles showed contrasting rates in the stem and catalytic domains. As shown in figure 2A , most subfamilies showed high rates of substitution in their stem domain, in contrast to the catalytic domain where the peptide sequence motifs characterizing each sialyltransferase family were highly conserved with variable intervening sections. The two subfamilies ST3Gal II and ST3Gal III constituted an interesting exception as they showed highly conserved stem and catalytic domains with the lowest substitution rates as illustrated by boxplots in figure 2B . Conversely, ST3Gal IX and ST3Gal IV subfamilies showed the most variable stem region, and ST3Gal IV and ST3Gal V subfamilies, the highest rates of evolution in their catalytic domain.
Sequence similarity network visualization (Atkinson et al. 2009 ) of relationships across the various extant ST3Gal protein subfamilies in a much larger set of sequences confirmed our phylogenetic analysis ( fig. 3 ). The greatest degree of similarity occurred between sequences belonging to GR1 including the sequences of the newly described subfamily ST3Gal VIII. These sequences remained grouped together even at stringent cutoff values (1e-80 to 1e-100; fig. 3D -F), providing strong support of the proposed classification. GR2 sequences formed distinct clusters for each subfamily at permissive E values (1e-60; fig. 3B ), highlighting the comparatively low degree of similarity between its members. Furthermore, ST3Gal IX sequences from the GR2 group showed a closer relationship with ST3Gal IV than ST3Gal VI sequences. On the other hand, sequences belonging to GR3 formed a separated subnetwork at E value 1e-70 ( fig. 3C ) and ST3Gal VII sequences have greater similarity with ST3Gal V sequences than ST3Gal III. At stringent threshold (1e-100; fig. 3F ), sequences of the GR2 and GR3 separated into distinguishable groups, only GR1 sequences remain connected. Interestingly, ST3Gal fish sequences formed separate subnetworks indicating their lower degree of similarity within the different subfamilies, which could not be established in our phylogenetic tree analysis. Permissive thresholds (E value of 1e-55 to 1e-70; fig. 3A -C) pointed to associations between GR2 and GR3 groups (i.e., ST3Gal IV/VI/IX and ST3Gal III/III-r/V/VII protein sequences) and also showed individual groups GR1 and GRx. Altogether, this sequence similarity network analysis allowed making functional inferences of uncharacterized ST3Gal sequences. The outgroup comprising distantly related sequences of the ST6Gal family was used as a negative control. The absence of edges between the outgroup and ST3Gal sequences helped to evaluate whether the most permissive E value threshold used (i.e., 1e-55) implied similarity relationships.
Reconstruction of the Genetic Events that Have Led to the Diversification of ST3Gals in Vertebrates
To investigate the dynamic of st3gal genes evolution across vertebrate genomes and to explain the appearance of several new vertebrate st3gal gene subfamilies, we analyzed the evolutionary history of st3gal in the context of 2R-and 3R-WGD genetic events (Ohno 1999; Jaillon et al. 2004 ) using comparative genomic programs (Catchen et al. 2009; Louis et al. 2012) . We also used paleogenomics reconstructions of the vertebrate ) and chordate (Putnam et al. 2008 ) ancestral genomes as an independent approach to study the duplication history of these st3gal genes. As illustrated in figure 4A, 2R-duplicated genes are contained on one of the ten vertebrate ancestral (VA) protochromosomes in the pre-2R genome established on the extant ciona genome and designated A-J in the N-model . Similarly, they are contained on one of the nine chordate linkage groups (CLG) in the pre-2R genome reconstructed from the extant amphioxus genome and named 1-9 in the P-model (Putnam et al. 2008 ) and on one of the 13 teleost ancestral protochromosomes named a-m in the pre-3R genome reconstructed from the extant fish genomes (Kasahara et al. 2007 ). After the 2R-WGDs, they are found on four linkage groups with shared synteny (e.g., gnathostome ancestor [GNA] protochromosomes A0, A1, A2, A3 in the Nmodel and VA protochromosomes 1a, 1b, 1c, 1d in the Pmodel). Intensive interchromosomal rearrangements (fission, fusion, and translocations), which took place between and after the 2R-WGD genetic events, have led to conserved vertebrate linkage blocks widely distributed throughout the human genome.
Within the 2,3-sialyltransferase-related sequences of GR1, a well-conserved synteny could be established for st3gal1, st3gal2, and st3gal8 gene loci in human (table 2) ,
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Evolutionary Study of st3gal Gene Expression in Deuterostomes . doi:10.1093/molbev/msu395 MBE chicken, medaka, and zebrafish genomes (supplementary fig.  S2 , Supplementary Material online). As the st3gal8 gene was absent in mammals, we considered the neighboring CPNE1 gene to retrieve the synteny on human chromosome 20 (Hsa20) and mouse chromosome 2 (Mmu2). The paralogy between the segments bearing the three st3gal genes of GR1 was clearly visible in chicken chromosomes Gga2 (st3gal8), Gga11 (st3gal2), and Gga20 (st3gal1) (supplementary fig. S2 , Supplementary Material online) and in the zebrafish genome (table 3) and corresponded to the GNA protochromosomes B1, B4, and B0, respectively, to the VA protochromosome B, and to the CLG 3 ( fig. 4B ).
Within the 2,3-sialyltransferase-related sequences of GR3, the syntenies including st3gal loci were also highly conserved in the vertebrate lineages (supplementary fig. S3 , Supplementary Material online). As st3gal7 was absent in tetrapods, we could retrieve the corresponding block of synteny using hsp1 and hps2e genes widely distributed from fish to human. We found clear correspondences around these genes on human chromosome 10 (Hsa10) as well as mouse chromosome 19 (Mmu19), chicken chromosome 6 (Gga6), and frog chromosome 6 (Str6). The block associated with these genes clearly corresponded to GNA protochromosome C0 and CLG 7. The block harboring the st3gal5 gene seemed to belong to GNA protochromosome C1 and CLG 7. Unexpectedly, its location in the human genome was on human chromosome Hsa4 instead of Hsa2 further suggesting translocation of the st3gal5 gene in the human genome ( fig. 4B ). Moreover, the block including the st3gal3 gene fitted with GNA protochromosome A2, and did not fit to any CLG further suggesting that it could result from gene duplication and translocation/chromosome rearrangements that took place during the pre-1R to post-2R period Yegorov and Good 2012) .
Similarly, within the 2,3-sialyltransferase-related sequences of GR2, the syntenies including st3gal loci were also highly conserved in the vertebrate lineages (supplementary fig. S4 , Supplementary Material online). As the st3gal9 gene was absent from meta-and eutherians, we considered the neighboring genes tlr4, col27A1, and dbc1 widespread from teleosts to birds as seed genes to search the most probable synteny on human chromosome 9 (Hsa9) (supplementary fig. S4 , Supplementary Material online). As the st3gal6 and neighbor lnp1 genes were absent in teleosts (medaka, zebrafish, and fugu), we used the same strategy, choosing the COL8A1 and NIT2 genes on human chromosome 3 (Hsa3). We found that the synteny was broken and present on two different chromosomes in teleosts (medaka Ola21 and zebrafish Dre9 for col8a1 block, and Ola 4 and Dre 6 for nit2 block). As a result, the blocks around st3gal4 and st3gal6 loci could be associated with GNA protochromosomes J0 and J1, and VA protochromosomes 9c and 9b, respectively ( fig. 4B ). As previously observed for the st3gal3 gene, the block including the st3gal9 locus corresponded to GNA protochromosome A0, and did not fit to any CLG, further illustrating the occurrence of inter protochromosome rearrangements during the pre-1R to post-2R period. Using Synteny database (Catchen et al. 2009 ), we could obtain similar results calculating the number of paralogs between the different gene combinations of the GR2 and GR3 in the human genome (table 4) . As expected for ohnologs, we found paralogies between the segments bearing ST3GAL4 and ST3GAL6 on one hand, corresponding to GNA protochromosomes J0 and J1, and those bearing ST3GAL5 and ST3GAL7 on the other hand (corresponding to GNA protochromosomes C1 and C0). Furthermore, these analyses revealed clear paralogy between chromosomal segments bearing ST3GAL9 from the GR2 and ST3GAL3 from the GR3, corresponding to GNA protochromosomes A0 and A2, and also ST3GAL3 and ST3GAL6 from the GR2 (GNA protochromosomes A2 and J1). Finally, looking at Br. floridae genome in deeper details, we found two segments bearing st3gal sequences. The first one included in the scaffold 210 was syntenic to Hsa11q13 (ST3GAL4), Hsa10q24 (lost ST3GAL7, GR3), Hsa3p21-25 (ST3GAL6), Hsa1p34-q41 (ST3GAL3), that is, members of GR2 and GR3 (supplementary fig. S5 , Supplementary Material online). The second one included in the scaffold 67 was syntenic to Hsa3p11 (ST3GAL6) and Hsa2q14 (ST3GAL5), also members of GR2 and GR3. The segment Bfl-V2-127 hosting an st3gal gene of the GR3 group was syntenic to Hsa1p21 (including ST3GAL3, GR3) and Hsa9p13 (lost ST3GAL9, GR2) supporting paralogies between segments bearing genes of GR2 and GR3.
FIG. 3. Sequence similarity network: The similarity network was constructed as described in Materials and Methods. It included 336 ST3Gal-related sequences identified from vertebrate and invertebrate genomes and 27 ST6Gal I sequences constituting an outgroup. The pairwise relationship between sequences was calculated by a BLASTall search in the custom database with each individual sequence in the set and the E value was taken as a measure of similarity between sequences. Thresholded similarity network represents sequences as nodes (circles) and all pairwise sequence relationships (alignments) better than an E value threshold as edges (lines) between nodes. The same network is shown here at six different thresholds, varying the cutoff value from permissive (A-C) to stringent (D-F). At a permissive E value thresholds 1e-55 (A) sequences belonging to GR2 and GR3 merge together, as the threshold is becoming more stringent and edges associate with more significant relationships, sequences break up into disconnected groups with high similarity within each group. Nodes were colored according to the subfamily to which the sequence belongs, either known (ST3Gal I-ST3Gal VI) or predicted (ST3Gal VII, ST3Gal VIII, and ST3Gal IX). Also ST3Gal-related sequences that belong to intermediate groups have been considerate separately, as invertebrate ST3Gal I/II/VIII, ST3Gal III/V/VII, ST3Gal IV/VI/IX, and ST3Gal III-r sequences, yielding in total to 14 different groups including the control group. The network was visualized using Cytoscape 2.8.3 version (Shannon et al. 2003) , default Cytoscape force-directed layout was applied.
Conserved and Coevolving Amino Acids in ST3Gal Sequences: Structure Modeling of ST3Gal Lid Domain
In an attempt to shed light on the molecular mechanisms underpinning vertebrate ST3Gal functional divergence, we further studied conserved and coevolving amino acids in ST3Gal sequences. Indeed, changes in conservation degree in a particular amino acid position may reflect functional innovation after gene duplication, because one copy evolves under relaxed constraints, which allows it to accumulate changes and develop new functions and specificities. Traditionally, two basic types of functional divergence sites have been distinguished according to Gu (2001) 
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FIG. 4. Ancestral genome reconstruction to assess the ST3Gal subfamily origin. (A) Simplified phylogenetic tree illustrating evolution of chordate genome with ancestral genome reconstruction using the N-model (Kasahara et al. 2007; Nakatani et al. 2007 ) for the reconstruction of the 550-My-old ancestor of vertebrates just before the 2R WGD events in early vertebrates (VACs, N-model) and the P-model (Putnam et al. 2008) for the reconstruction of the 770-My-old common ancestor of amphioxus and vertebrates + tunicates (CLGs, P-model). (B) Schematic illustration of the data obtained in combination with phylogenetic and syntenic analysis to assess origin and evolutionary relationships of st3gal-related genes in vertebrates.
Using the known genomic st3gal gene location in Oryzias latipes (OLA), in G. gallus (GGA), and in H. sapiens (HSA), each st3gal-related gene was mapped to a chromosomal segment (Block ID). The identified chromosomal segments were traced to CLG using P-model and to VAC using N-model. This latter hosting ancestral st3gal-related genes in pre-2R vertebrates confirmed ohnology of st3gal1, st3gal2 and st3gal8 genes from GR1, of st3gal4, st3gal6 and st3gal9 genes from GR2, and of st3gal3, st3gal5 and st3gal7 genes from GR3. Subsequent genome rearrangements for human ST3GAL5 gene on HSA4 and medaka st3gal6 on OLA21 have influenced evolution of these st3gal subfamilies. Crosses indicate gene losses. Tel Anc, pre-3R teleost ancestor; Gn Anc, post-2R GNA; CLG, pre-1R CLG. domain was retrieved as a series of consensus sequences common to groups of subfamilies. From this initial analysis, the GR1 group was clearly apart from the two remaining GR2 and GR3 groups as illustrated by the presence of about 67 type I sites highlighting different evolutionary rates ( fig. 5A ). Furthermore, amino acid residues that are likely to be responsible for the differential substrate specificity of ST3Gals were predicted using SDPpred. Figure 5B and C illustrates SDP predictions between the three vertebrate 2,3-sialyltransferase sequence groups (GR1-GR3) and describes five SDP positions located in the active site. At the alignment position 195, a Ser (S) was highly conserved in GR1 and GR3, whereas in GR2, a Gly (G) is conserved. Interestingly, this type II site also represented a unique reliable marker of the ancient functional divergence of ST3Gal sequences belonging to GR2 and GR3/GR1 groups. In the reference pST3Gal I structure, this position corresponding to S-197 (fig. 5D ) was located at contact distance of the CMP phosphate group and OH group could be involved in H-bond formation helping to phosphate stabilization, whereas G would not have any implication in phosphate stabilization. The Tyr (Y) at position 243 (Y-233 in the structure, fig. 5D ) was highly conserved in the GR1, with exception of sequences belonging to O. carmela, which showed a Trp (W) in this position, as all the sequences of the GR2 and GR3 groups defining a type II position. The Y was involved in an H-bond formation with the Gal residue CG3 ( fig. 5B ), and it has been reported as a determinant of Gal acceptor specificity (Rao et al. 2009; Rakic et al. 2013) . At position 244, a type I SDP was predicted (V-234 in the structure, fig. 5D ) denoting no altered functional constraints. It was a variable position in GR1 and in the sequences of the GR2 and GR3 groups, a Lys (K) was conserved. In the known pST3Gal I structure, this amino acid position corresponded to V-234 that is at contact distance of the hydroxy oxoammonium of the Gal residue (CG3). Two SDPs corresponding to positions 335 and 338 (residues W-304 and N-307 in the structure; fig. 5D ) were predicted in the sialylmotif III and in the flexible lid domain, respectively. The aromatic ring of the amino acid at the 335 position and the donor substrate could stabilize each other by attractive nonbonded interactions known as pi-stacking. Regarding the type I amino acid position 338, an Asn residue (N) was conserved in the GR1 group, but this amino acid is highly variable in the other groups GR2 and GR3. Altogether, these SDP predictions identified several positions indicative of the functional divergence of each group of sequences in early vertebrates.
As a combination of changes in the ST3Gal sequences might also account for specificity novelties, we investigated coevolution of ST3Gal amino acids using mutual information (MI). If two residues share high signal of MI, the two residues most likely are coevolving, meaning that to maintain a given protein function, a mutation of one residue is linked to a specific compensatory mutation of the other residue. The MI network for ST3Gal family members showed that higher MI values (top 10%) are found in amino acid positions that lies within a sialylmotif (L, S, III, or VS) or within a family motif (a, b, or c) and most of the MI was found both within and between motifs ( fig. 6A ). Moreover, amino acid residues with high MI (top 10% MI values) were found within each known motif (red lines in fig. 6A ). The cumulative MI (cMI) characterizes the extent of MI for each position. Information accumulated mainly at particular positions within sialylmotifs and positions 318 and 324, for instance, with high cMI value was more likely to be important within the VS motif. Interestingly, the amino acid residues R-60, F-124, L-331, and F-340 showed high cMI values and were predicted to play important role in the maintenance of the coevolutionary network, even though they are positioned outside the previously described conserved motifs. The top scoring cMI residues were considered for further analysis, the MI subnetwork is shown in figure 6B . Residue G-273 showed the highest cMI value and the highest number of MI interactions (55 lines in the complete network). The top ten scoring cMI residues formed a fully connected subnetwork ( fig. 6B ), where each residue was connected to all the others (nine lines in every case). Each residue in the subnetwork belonged to a motif, eight to the sialylmotifs L, S and III, and two to the family motifs b and c. Residue N-173 shared the highest MI value with Y-303, both were located in the enzyme active site. N-173 was near donor substrate and participated in phosphate group stabilization, as described previously (Rao et al. 2009 ). The amino acid residue D-216 belonged to the b family motif and it has been reported to 5. (A) Conservation of amino acid stretches in the vertebrate ST3Gal sequences evidenced by automatic conserved sequence searches. We assessed conservation of the 382 amino acid positions selected from the vertebrate ST3Gal sequences considered for phylogeny analyses (see tables S1 and S2, Supplementary Material online) using an automatic search of consensus sequences described in Materials and Method. For each subfamily, the consensus sequences were aligned with the one generated by MEGA 5.0. The resulting alignment is used to detect those positions called SDP that are conserved within groups of related proteins that perform the same function (specificity groups). SDP type I is variable in one group and conserved in the others, whereas type II positions show different conserved amino acids among the various groups of sequences. Amino acids residues belonging to conserved peptide sequences are shown. Amino acid positions with a yellow background identify conserved amino acid for the 2,3-sialyltransferaserelated sequences of the GR1 group, with a green background those of the GR3 (especially the ST3Gal V-VII), with an orange background, those of the GR2, and with a blue background, those of the GR2 and GR3. The sialylmotifs L, S, III, and VS are indicated in black background, and the specific motifs to ST3Gal family -a-, -b-and -c-, in gray background. The positions are numbered from the beginning of the stem, excluding the N-terminus and the transmembrane domain. SDP prediction for GR1, GR2, and GR3 groups. (B) Representation of five SDPs located nearby the active site is represented in the reference structure (PDB: 2WNB). The modeled lid domain is shown in yellow, donor and acceptor substrates are shown in black stick representation, SDPs are shown in red or blue stick, the label indicates the conserved amino acid and the corresponding group (i.e., near CMP a W is conserved in GR1 and it is represented in red, whereas a Y is conserved in GR2 and GR3 at the same position, which is represented in blue).When there is no conserved residue in a group, the position is labeled as Á in black. (C) SDP in surface representation of the reference structure (PDB: 2WNB). The modeled lid domain is highlighted in yellow, SDP predicted in red, the donor and acceptor substrate are shown in black. Note that the lid domain flexibility can alter the binding site of both substrates, and also the amino acid change in the SDP. (D) Table summarizing SDPs information. First column indicates the corresponding position in the reference structure (PDB: 2WNB); second column the position in the MSA, the third the most conserved residues for each group, the * indicates variable position; in the last column is entered a description that can be related to the function of the position.
interact with Gal-OH-6 (Rao et al. 2009 ). This position was the most distant in 3D structure from the rest of the subnet residues and it showed his higher MI values with positions C-145, G-160, G-185 of sialylmotif L, and C-284 of sialylmotif S.
ST3Gal Genes Spatiotemporal Expression in Vertebrates
To understand the evolutionary forces that might have influenced st3gal-related gene number, we assessed their expression profile across vertebrates. Changes in their spatiotemporal profile of expression might be indicative of their functional fate and indeed, several studies have noticed differential expression pattern of 2,3-sialylation and st3gal genes in various mammal species (Kono et al. 1997; Nairn et al. 2008 ). The expression of each of the six bovine st3gal genes was quantified in five tissues using a Taqman Low Density Array (TLDA). TLDA analyses revealed parallel variations in the different tissues, that is, higher levels in heart and muscle than in liver and thymus except for st3gal1 for which the level recorded in liver is as high as in heart ( fig. 7A ). We also analyzed zebrafish st3gal genes expression patterns in various adult tissues and embryonic developmental stages by means of reverse transcription polymerase chain reaction (RT-PCR) ( fig. 7B ) and whole-mount in situ hybridization (ISH) of RNA (supplementary figs. S6-S8, Supplementary Material online). Eleven of the 12 zebrafish st3gal genes were differentially transcribed in the various D. rerio adult tissues tested. The st3gal1D was not expressed at all in any tissues examined, whereas st3gal1C showed almost undetectable gene expression in gills, fins, and gall-bladder. The st3gal2, st3gal3-r, st3gal4, st3gal5, and st3gal7 genes were the most widely expressed with similar spatial distribution in all the tested tissues. St3gal1A was mainly expressed in gonads, large intestine and gills. St3gal4 was expressed to a very low level in brain, heart, gills, kidney, eye and spleen, st3gal8 was highly expressed in gonads and brain, whereas st3gal7 was expressed in small and large intestine and in liver ( fig. 7B ). Finally, zebrafish st3gal genes were found to be mainly expressed from early somitogenesis to 48 h postfertilization in unique and overlapping territories either with a spatially restricted pattern (st3gal2, st3gal3, st3gal3-r, st3gal7, and st3gal4) observed mainly in vasculature, developing skeletal elements, liver, and pronephric system or with a spatially diffuse pattern (st3gal1A, st3gal1B, st3gal1C, st3gal8, and st3gal5) observed mainly in the head (supplementary figs. S6-S8, Supplementary Material online). Except for the highly conserved st3gal2 and st3gal3 genes, which maintained a high and specific level of expression during zebrafish development, it appeared from these data that the functional fate of st3galrelated gene was not predictable on the basis of gene expression profile alone.
To estimate the breadth of st3gal gene expression through vertebrate evolution, we screened various tissue EST libraries from several representative animal species in Unigene site and we completed this survey taking advantage of our own data on B. taurus and D. rerio experiments. We observed that the expression sites and level of st3gal genes were higher in most mammalian tissues than in zebrafish or chicken tissues, as the vectors corresponding to the different tissues in our Principal Component Analysis (PCA) were globally oriented to the right of the projection, in the direction of mammalian genes (supplementary fig. S9, Supplementary Material online) . Furthermore, we compared the diversity (Shannon index) of tissues expressing the st3gal-related genes in the set of organisms described previously. The most widely represented genes were st3gal2 from GR1, st3gal6 from GR2, and both st3gal3 and st3gal5 genes from GR3 (supplementary table S3 , Supplementary Material online). These data further supported the hypothesis that the most widely expressed genes in a variety of vertebrate tissues were also the most conserved, although this should be confirmed using more vertebrate models.
Discussion
Many biological processes such as host-pathogen recognition or fertilization and development are governed by carbohydrate-protein interactions involving sialic acids expressed on the cell surface (Varki 1992; Schauer and Kamerling 1997; Schauer 2009 ). Yet, the mechanisms and roles of glycan 
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Sialyltransferases of the GT-29 entry of the CAZy classification (Cantarel et al. 2009 ) are key enzymes in sialoglycoconjugates biosynthesis of utmost interest to gain further insights into the biological relevance of sialic acid containing glycan chains during animal evolution (Varki 2007; Schauer 2009; Petit et al. 2013 ). This study concentrated on the broad ST3Gal family known to mediate the addition of 2,3-linked sialic acid to Gal1-4/3GlcNAc and GalNAc1-3GalNAc disaccharides in mammals. Taking advantage of numerous genome sequencing projects, several hundreds of new st3gal-related genes were identified in metazoan genomes. Interestingly, sialyltransferases-related sequences were recently identified in plants, archeplastidia, and chromoalveolates (Harduin-Lepers et al. 2005; Giacopuzzi et al. 2012; Moreau et al. 2012) further suggesting that these genes appeared prior the separation of multicellular lineage of Opisthokonta, although no sialyltransferase-related sequences could be identified in fungi. These sequences showed a metazoan taxonomic affiliation based on the occurrence of conserved sialylmotifs L, S, III, and VS and could be related to st3gal gene family based on BLAST analysis, but no st3gal family motif (Patel and Balaji 2006; Harduin-Lepers 2010) was detected in these sequences and thus, they were not included in this study. Although the evolutionary relationships between all the sialyltransferase families are not yet established, the st3gal as well as the st6gal gene (Petit et al. 2010 ) families could represent the most ancient sialyltransferase families described in animals with major role in metazoan evolution.
To obtain the enlarged view on the evolution of the 2,3sialylation machinery in metazoan illustrated in figure 8, we first reconstructed the molecular phylogeny of ST3Gal-related sequences. Second, we deciphered the mechanisms involved in their expansion using nonsequence-based information, such as exon-intron organization, paralogies and conserved syntenies, and ancestral genome reconstruction. Third, the functional diversification was studied through analyses of conserved amino acid positions of ST3Gals that could be implicated in critical aspect of protein general function FIG. 6. Coevolving amino acid positions described in ST3Gal family. (A) MI circos. The information of each circle from outer to inner is the following: Sialylmotifs, highlighted in dark gray, and family motifs highlighted in light gray subfamily motifs, the following internal circle indicates the number residue and amino acid identity of the reference pST3Gal I structure. The colored square boxes of the third circle indicate the conservation degree (highly conserved positions are in red, whereas less conserved ones are in cyan). The fourth and fifth circles show the proximity MI and cMI scores as histograms, facing outwards and inwards, respectively. In the center of the circle, the lines that connect pairs of positions represent a significant MI value ( 46.5), highlighted in red are lines with higher MI score (top 5%), black ones are between 70% and 95%, and gray edges account for the remaining 70%. (B) Subnetwork of higher cMI. Nodes represent amino acid residues and lines between nodes, significant MI score. The length of the lines is proportional to MI value, the closest nodes have higher MI. Nodes are colored by cMI from violet to yellow (higher to lower). (C) Predicted coevolved residues position in the reference pST3Gal I 3D structure. Red balls illustrate C of the ten amino acid residues with higher cMI score positioned in the pST3Gal I reference structure (PDB 2WNB).
using an SDP approach (Teppa et al. 2012) , and through analysis spatiotemporal expression of st3gal genes in two model organisms. Fourth, the lineage-specific significance of gene losses was tentatively linked to evolutionary rates and expression profile of duplicated genes. Altogether our data revealed that the ST3Gal family has undergone a complex evolutionary history of gene duplication and gene loss events.
St3gal Genes Expansion
Using whole-genome information and a molecular phylogeny approach, we identified four steps of genomic innovation that yielded st3gal gene expansion from Protometazoa stem to vertebrates illustrated in figure 8. The first genomic event was the duplication of an ancestral st3gal gene giving rise to GR1 and GR2/GR3/GRx groups of 2,3-sialyltransferase-related sequences, before the emergence of the sponge O.
carmella, about 700 Ma according to the timescale of life of Kumar and Hedges (2011) . We delineated a second period of expansion that gave rise to the full diversity of 2,3-sialyltransferase groups, namely GR1, GR2, GR3, and GRx groups, after the divergence of sponges and Eumetazoa, as no member of these groups could be identified in available protostome genomes, as previously described for the st8sia gene family (Harduin-Lepers et al. 2008 ). The st3gal1/2/8 sequence ancestor to GR1 was probably present in the protochromosome 3 of first chordates (CLG 3) and the protochromosome B of ancestral vertebrates (vertebrate ancestral chromosome [VAC] B). We could not establish a clear picture concerning the ancestral chromosomes bearing the st3gal sequences of GR2 and GR3. The involvement of VAC C (CLG 7) and VAC J (CLG 9) is highly probable, but identification of GNA A0 and A2 remains difficult to understand. One possibility is that the segments Total RNA was extracted from heart, liver, muscle, lung and thymus and retrotranscribed. TLDA was carried out as described in Materials and Methods. The different letters a-d corresponded to significantly different expressions per tissue (ANOVAs on five independent individuals). (B) Expression pattern of the zebrafish st3gal genes in various adult tissues using RT-PCR. Relative expression levels of zebrafish st3gal and -actin mRNA were evaluated by RT-PCR as described in Materials and Methods, among various zebrafish adult tissues. Oligonucleotide primer sequence specific of each zebrafish st3gal gene is already described in Vanbeselaere et al. (2012) . The zebrafish -actin (378 bp) was amplified as a control of cDNA synthesis and purity. Data gathered each group of st3gal genes, that is, GR1, GR2, and GR3.
hosting st3gal3 and st3gal9 gene loci were translocated independently on A2 and A0, respectively, just after the R2 event.
Another hypothesis is that these segments have been generated by small block duplications before R1. This last view is supported by 1) the lancelet segment Bfl-V2-210, which shows multiple paralogies associated with both GR2 and GR3 (supplementary fig. S5 , Supplementary Material online), and 2) multiple paralogies between segments hosting members of GR2 and GR3 in human (table 4) , implying further refinements in the reconstruction of vertebrate protochromosomes. We hypothesize a series of two block duplications, a first one generating the segments bearing the genes of GRx (Bfl-V2-210 and V2-67) and another segment that underwent also duplication before the two rounds of genome doubling (fig. 8 ).
The third period was obviously linked to the two rounds of genome duplication that occurred in early vertebrates around 500 and 555 Ma, respectively, before the divergence of lampreys from Gnathostomes (Smith et al. 2013) . However, in teleosts, the synteny around the GR2 st3gal6 gene was broken into two different chromosomes, which were not issued from the teleost-specific R3 WGD (Meyer and Schartl 1999) . In medaka, Ola4 is the "right" chromosome corresponding to GNA J1, in contrast to Ola21, which bears the remaining genes of the synteny. Similarly, the synteny around ST3GAL5 gene in the human genome is broken into two chromosomes, the theoretical one (Hsa2) corresponding to GNA C1, and the actual one bearing the gene (Hsa4) further suggesting the occurrence of a gene translocation, distinct from a gene loss event.
The fourth expansion step of st3gal genes related to the R3 event about 250-300 Ma (Meyer and Schartl 1999) and showed limited consequences in teleosts, as it only gave rise to st3gal3-r, a sister sequence of st3gal3. Interestingly, in rayfinned fish such as zebrafish, tilapia, stickleback or platyfish, (not in fugu, tetraodon or spotted gar), we also detected massive Cis-duplication events of the st3gal1 gene leading to 4 st3gal1 gene copies clustered on the same chromosome (chromosome 19 in zebrafish). Besides this other pulse of diversification specifically detected in certain fish, we noticed a high divergence rate of these ST3Gal I sequences ( fig. 3 ) as previously described for duplicated genes (Robinson-Rechavi and Laudet 2001; Jaillon et al. 2004 ). This observation further suggested functional evolution of these enzymes in fish lineages that could account for the abundant and unusual mucin-type O-glycosylation described in the developing zebrafish (Baskin et al. 2010) leading to Fuc1-3GalNAc1-4(Neu5Ac/ Neu5Gc2-3)Gal1-3GalNAc structure (Gu erardel et al. 2006) . Abbreviations used are Neu5Ac, N-acetylneuraminic acid; Neu5Gc, N-glycolylneuraminic acid.)
Functional Fate of Vertebrate st3gal Gene Duplicates
Up to now, adult tissue distribution of st3gal genes has been mainly studied in mouse and human tissues (Gagneux and Varki 1999; Comelli et al. 2006; Takashima 2008) whereas limited sialyltransferase expression studies were carried out in the zebrafish model (Chang et al. 2009; Harduin-Lepers 2010; Petit et al. 2010; Vanbeselaere et al. 2012; Flanagan-Steet and Steet 2013) . The zebrafish st3gal gene expression profiles were analyzed in the light of evolution in adult tissues, using RT-PCR and in embryonic zebrafish tissues, using ISH. Remarkably, the evolutionary dynamics of the zebrafish st3gal-duplicated genes appeared to be asymmetrical and spatiotemporally regulated as one duplicate was widely expressed in all tissues, whereas the other was restricted to specific tissues. This observation provided additional evidence that following duplication one resulting duplicate might be evolved faster than the other (Steinke et al. 2006 ). However, comparing the evolution of these st3gal gene expression profiles in various vertebrate species and looking at associations within these gene expression data using a PCA approach as previously described for st6gal genes (Petit et al. 2010 ) did not enable us to propose a clear picture of the duplicate fates. The ongoing evolution of st3gal functions in mammals was also illustrated by the variable gene expression levels in the three studied models (human, mouse, and bovine) that might reflect differential transcriptional regulations of these 2,3sialyltransferases (Nairn et al. 2008; Harduin-Lepers et al. 2012) . Indeed, epigenetic control and transcriptional regulation of glycosyltransferases are known to be major mechanisms regulating sialyltransferases and glycosylation on an evolutionary scale Horvat et al. 2013; Lauc et al. 2013) . It would be informative to investigate evolution of Cis-acting region and regulatory elements controlling expression of these st3gal genes during vertebrates' evolution. We predict series of transcription factor-binding sites losses in teleosts and gains in mammals, as it has been described previously for FUT7 (Laporte et al. 2012) .
In terms of enzymatic activities, the functional fates of ST3Gal duplicates were variable along chordate evolution, even though all the identified enzymes of this family probably catalyze the transfer of sialic acid residues in 2,3-linkage to terminal Gal residues found in glycoproteins or glycolipids ( fig. 8 ). To go a step further toward understanding functional divergence of ST3Gal enzymes, we also carried out analysis at the molecular level looking for ST3Gal features of structural/ functional importance that had appeared during vertebrate evolution. In this study, we predicted the existence of conserved amino acid positions in MSA of ST3Gal sequences that could be implicated in critical aspect of protein general function and differential donor and acceptor substrate specificity of these enzymes. We conducted an SDP approach (Teppa et al. 2012 ) and mapped these SDPs on the unique pig ST3Gal I 3D model (PDB: 2WNB). A first SDP analysis between the three vertebrate groups GR1/GR2/GR3 of ST3Gal sequences identified five SDP located nearby the active site in the reference structure. The first two SDPs corresponding to S-197 and Y-233 in the reference structure were found between sialylmotifs L and S, whereas the three others (V-234, W-304, and N-307) were located within a polypeptide loop that we have modeled, as it was not observed by crystallography. It is believed to be part of binding site and form a closed lid accommodating donor substrate (Rao et al. 2009 ). We suggest that these three SDPs might play a role in modulating donor and acceptor substrates specificity and ST3Gal enzymatic activity during vertebrate evolution. It is interesting to note that the mammalian ST3Gal III and ST3Gal IV that showed the same stringency toward Gal HO-6 (Rohfritsch et al. 2006) share the same SDP W-243 in the MSA shown in figure 4B , a position that was suggested to be important in establishing hydrogen bound with Gal HO-6 (Rao et al. 2009 ).
Our coevolution analysis revealed specific sites with high MI within sialylmotifs (L, S, or VS) and family motifs suggesting that at least part of these motifs have evolved in a concerted manner. This analysis pointed out the group of distant residues in the protein sequence that may evolve under a common selection pressure. As every described motif showed residues with high MI, we could interpret the results as a network of coevolving residues that link the highly conserved motifs. Interestingly, the top ten cMI residues formed a fully connected network indicating a high level of redundancy and cohesiveness. In this context, we predicted that each of these residues coevolved with all of the others. All of these residues belong to previously described motifs and two of them are implicated in substrates interactions. Even though it is difficult to draw general conclusions about the functional role of coevolving sites, MI scores obtained highlighted functionally important residues that were different from those detected by conservation within groups. A future challenge will be to establish tools to study the enzymatic activity of these newly identified ST3Gal.
Datation of the functional divergences between ST3Gals (particularly the possibility to transfer sialic acid on mucintype O-glycans) could be more easily assessed for ST3Gals of GR1 compared with ST3Gals of the GR2-GR3-GRx as these lineages separated in the early metazoa. Biochemical functions pertaining to the ST3Gals of the GR2 and GR3 (especially the ability to form 2,3-monosialylated gangliosides G M3 and G M4 ) probably emerged in early deuterostomes. However, the amino acid associated with these functional changes probably does not result solely from type I and type II amino acid changes, as demonstrated by our MI approach.
Significance of Gene Losses Following Genetic Duplications
Our study of the evolutionary history of st3gal genes in metazoan indicated that the period from 2R to recent time was controlled by several potential gene loss events. It is well admitted that most of the vertebrate duplicated pairs of genes resulting from the 2R duplication events rapidly underwent extensive genomic rearrangements and gene losses (Wolfe 2001) with moderate functional consequences, as both sister genes are redundant (Lynch and Conery 2000) . However, on larger evolutionary scales, which of the duplicated genes will disappear in specific lineages is a less documented issue and consequences of specific-lineages gene loss on the functional fate of the surviving duplicate remain not fully understood (Krylov et al. 2003; Wolf et al. 2006) .
In an attempt to correlate gene losses with relaxed gene evolution and reduced gene expression, we investigated 921 Evolutionary Study of st3gal Gene Expression in Deuterostomes . doi:10.1093/molbev/msu395 MBE substitution rates in each st3gal subfamily and profile of expression of these genes in zebrafish. We noticed significantly higher substitution rates of the newly described st3gal8 gene of the GR1 genes indicating a weaker selective pressure and acquisition of mutations that compromised its function in mammals. Interestingly, numerous tissues expressed this gene in teleosts and xenopus and very few in chicken, indicating a potential role linked to aquatic life. Its expression in zebrafish gills and skin suggested a protective role against bacterial infection, as it has long been known that sialylated O-glycans from skin mucus bind diverse bacteria thus preventing infection of the underlying tissues (Nigam et al. 2012) . Similarly, st3gal7 gene from GR3 was specifically found in actinopterygian fish and was lost in tetrapods. The higher substitution rate of st3gal7 compared with st3gal3 showed about the same values as st3gal5. However, zebrafish st3gal7 gene expression was highly restricted to a few tissues indicating specificity linked to aquatic environments, in contrast to st3gal5, which was ubiquitously expressed. The newly described st3gal9 subfamily, restricted to birds and duck-billed platypus, is a sister gene of st3gal4 resulting from the R2 event. Curiously, this gene would have been lost independently in multiple vertebrate lineages as it could not be found in teleosts, amphibians, marsupials, and placental mammals. Substitution rates of st3gal9 genes were more elevated than in the other subfamilies of the GR2 group, at least in the stem region of the sialyltransferase. It is noteworthy that all the vertebrates possessing this st3gal9 gene perform terrestrial egg deposition. Besides, chicken amniotic cells have 2,3and 2,6-linked sialic acids, allowing experimental cultivation of several strains of influenza viruses (Ito et al. 1997) . Amnios sensitivity to viruses is not a problem when eggs are protected from environment by an egg shell. We made the hypothesis that 2,3-sialylation coating the amniotic cells could result from ST3Gal IX enzymatic activity that would have disappeared from fish, amphibians, and most mammals, as it represents a source of contamination in the case of eggs laid in water (lower vertebrates) or for embryos connected to maternal tissues through placenta (most mammals).
Interestingly, we noticed that the st3gal6 genes totally disappeared from fish genomes as it was the case for st8sia4 genes described previously (Harduin-Lepers et al. 2008) . Our paleogenomics analysis suggests that the immediate cause of st3gal6 gene loss in teleosts could be due to the fission of a chromosome ancestral to teleosts. One probable consequence of this absence could be associated with their original fertilization process. In human, the lectins of sperm acrosome bind to Sialyl-Lewis X structures capping N-and O-glycans found onto the four zona pellucida (ZP) glycoproteins of the coat surrounding the oocyte (Pang et al. 2011; Clark 2013) . Once bound, the acrosome releases enzymes that digest the extracellular matrix, enabling the progression of sperm toward oocyte membrane. In teleosts, there is no acrosome and the sperm reaches the oocyte membrane through a micropyle, a sperm guidance system through the ZP (Jamieson 2011), replacing the crucial role of sialyl Lewis X to ensure this step of egg fertilization. In summary, the st3gal genes evolutionary biology offers a suitable example to highlight the contexts that have favored the specific lineage gene loss events. We found that st3gal gene losses were generally linked to high substitution rates, indicative of low selective pressure, and generally to restricted tissue expression in adult. However, in the developing zebrafish, no particular spatiotemporal profile of expression of these st3gal genes could be associated with their fate in higher vertebrates. The replacement of ST3Gal enzymes allowed modifying potential binding sites to viruses and it is possible that some st3gal gene losses in higher vertebrates were linked to the increasing number of organs expressing the st6gal1 gene (Petit et al. 2010 ). It has long been known, for instance, that there is a switch in the expression of 2,3to 2,6-linked sialic acids in the respiratory tract of human (Varki 2008; Yu et al. 2011) , explaining limited binding of several strains of influenza virus to 2,3-sialylated flu receptor in human and the coevolution of new viral strains to cope with the situation. These general observations do not rule out particular events, such as changes in fertilization process as in teleosts.
Altogether, this integrated study has shown that st3gal genes have arisen through multiple duplication events including probable ancient block duplication that occurred in early deuterostomes and WGD after vertebrate emergence. Furthermore, we showed that st3gal gene losses were major force driving the evolutionary history of this gene family in deuterostomes and that there is not a trend toward a broader range of spatial expression culminating in mammals, but rather a progressive loss of st3gal genes expressed in a limited number of organs in earlier diverging vertebrates.
Materials and Methods
In Silico Sialyltransferase-Related Sequence Retrieval Only metazoan sequences were considered for this study and st3gal-related sequences were identified using the welldescribed human ST3Gal sequences as seed sequences, as previously described in Petit et al. (2013) . A major source of information came from the GT-29 family of the CAZy database (http://www.cazy.org/GlycosylTransferases.html, last accessed December 2014; Cantarel et al. 2009 ). In addition, st3gal-related sequences were searched in all genomic and transcriptomic divisions available from general nonredundant databases such as those maintained at the NCBI (Wheeler et al. 2005) , DNA Data Bank of Japan (Tateno et al. 2002) , ENSEMBL (Flicek et al. 2013) or in specialized databases such as the JGI genome browser for Br. floridae (V2 genome assembly) (Grigoriev et al. 2011) or the genome Sequencing center at the Washington University School of medicine, St Louis, MO for P. marinus (Pruitt 1997) and KEGG GENES (Kanehisa and Goto 2000; Hashimoto et al. 2006 Hashimoto et al. , 2009 using BLAST (Altschul et al. 1997) with default parameters (an E value cut off at 0.01 was used in all BLAST searches). The assignation of these sequences to ST3Gal was determined using the specific motifs that are hallmarks of this family (Patel and Balaji 2006; Harduin-Lepers 2010).
Phylogenetic Analysis
The alignment of 121 selected ST3Gal-related sequences was conducted using MUSCLE algorithm included in MEGA5.0 software and refined by hand (Hall 2013) . The variable transmembrane domain in the N-terminal part of sequences was removed, as well as the C-terminus because of different lengths of sequences among subfamilies. The final alignment contains 382 sites including most of the stem and the catalytic domains. Phylogeny trees were produced by ML method using MEGA5.0. The models with the lowest BIC scores are considered to describe the substitution pattern the best (Tamura et al. 2011) . Nonuniformity of evolutionary rates among sites may be modeled by using a discrete Gamma distribution (+G) with five rate categories and by assuming that a certain fraction of sites are evolutionarily invariable (+I). The ME method was also conducted using the JTT matrix as transition between amino acids. The rate variation among sites was modeled with a Gamma distribution (shape = 1.3, calculated by the software). All positions with less than 95% site coverage were eliminated. That is, fewer than 5% alignment gaps, missing data, and ambiguous bases were allowed at any position. There were a total of 228 positions in the final data set. Evolutionary analyses were conducted in MEGA5.0 (Tamura et al. 2011 ) and bootstrap percentages were calculated from 500 replicates.
The numbers of site changes in the vertebrate members of each subfamily were calculated with the Protpars program included in the PHYLIP Package (see Felsenstein 1997 and Petit et al. 2006 for details) using 128 sites in the stem part (the first 24 sites were removed to homogenize the length) and 230 in the catalytic domain. As there were variations in the number of sequences between each subfamily, and in the successive sites due to small deletions, the total number of changes for each site was divided by the number of sequences at each site. The change rates were then smoothed by calculating a mean within a window of five successive amino acids running along the whole sequence. This data set was used to draw boxplots, and then normalized with log-transformed values to compare the different subfamilies with Tukey's test conducted with PAST 2.17c (Hammer et al. 2001 ).
Synteny Analysis and Paralogon Detection
Synteny between vertebrate st3gal and related genes in invertebrates was assessed by manual chromosomal walking and reciprocal BLAST searches of genes adjacent to st3gal loci in human (Hsa), mouse (Mmu), chicken (Gga), medaka (Ola), zebrafish (Dre), Takifugu rubripes (Tru) (ENSEMBL, release 70, January 2013), and amphioxus (Bfl) (JGI Br. floridae v.2.0) genome databases. The detection of paralogous blocks was also done using the latest ENSEMBL data set (ENS61) at the synteny database site (http://teleost.cs.uoregon.edu/synteny_ db/, last accessed December 2014) (Catchen et al. 2009 ) and visualized at the Genomicus site (version 69.01) (http://www. dyogen.ens.fr/genomicus/, last accessed December 2014) (Louis et al. 2012) . When an st3gal gene was absent in a given animal genome, we used one or two genes physically close as seed to identify the syntenic segments.
Ancestral genome reconstruction in conjunction with phylogenetic and syntenic analyses was also used to rapidly assess the dynamic of st3gal genes evolutionary relationships, taking into account the reconstructions of protochromosomes of ancestral vertebrates (Kasahara et al. 2007; Nakatani et al. 2007 ) and of chordates (Putnam et al. 2008) , as previously reported for the case study of RLN/ INSL and RXFP genes (Yegorov and Good 2012) . Briefly, each block of syntenic genes (ohnologs) common to teleosts, birds, and mammals arose from the 2R genetic events that occurred during early vertebrate evolution and thus could be associated with one of the approximately 40 protochromosomes of gnathostomes (after the 2R events) and hence to one of the approximately ten protochromosomes of vertebrates (before the 2R events). The calibration used for dating the divergence between ST3Gal sequences in metazoa followed the work of Vandepoele et al. (2004) and Kumar and Hedges (2011) .
Expression Analysis
For each gene and each organism, Unigene statistics at the NCBI database were used to calculate the Neperian logarithm of the relative number of st3gal ESTs identified by tissue. Wellstudied organs with unambiguous homology from zebrafish to human were retained as previously described for st6gal genes (Petit et al. 2010 ). The following species have been considered: Homo sapiens, Mus musculus, B. taurus, G. gallus, Si. tropicalis, and D. rerio. PCA was carried out according to the previously described method (Petit et al. 2010 (Petit et al. , 2013 using PAST 2.17c (Hammer et al. 2001 ). The vectors corresponding to each st3gal gene were oriented toward the highest expression levels. The angle between vectors was related to the correlation between the same genes across the different tissues: High positive correlation with acute angle, but negative one with opposite vectors. The diversity of tissues in which a given gene is expressed for an organism was calculated using H 0 Shannon index: H 0 = À((ni/N).ln(ni/N)) where ni is the number of ESTs found in the each tissue and N is the total number of ESTs.
Animals Maintenance and Whole Mount mRNA In Situ Analysis
Zebrafish (D. rerio) were maintained in our aquatic biology facility, as previously described (Westerfield 1995; Chang et al. 2009 ). All experimental procedures adhered to the CNRS (Centre National de La Recherche Scientifique) guidelines for animals use in research. Both sense and antisense digoxigenin-labeled RNA probes were synthesized from PCRamplified template using primers as previously described (Chang et al. 2009; Petit et al. 2010) . Whole mount ISH was performed according to standard procedures Thisse B 1998, 2008; Thisse et al. 2004 ).
Isolation of RNA, cDNA Synthesis, and PCR Analysis Total RNA was extracted from various D. rerio tissues using the nucleospin RNA II kit (Macherey-Nagel, Hoerdt, France). A proteinase K digestion step (55 C, 10 min) and phenol/ chloroform extraction were inserted in the protocol after dounce homogenization of the tissues and before column purification of total RNA. Similarly, bovine total RNAs were prepared from various tissues (lung, skeletal muscle, heart, thymus, and liver) of five individuals of B. taurus (Holstein and Charolais-crossbred steers) collected at the slaughter using the RNeasy midi kit (Qiagen Inc, Hilden, Germany) according to the manufacturer's instructions. Bovine and zebrafish RNAs were quantified using a NanoDrop ND-1000 UV-Vis spectrophotometer (NanoDrop Technologies, Wilmington, DE). RNA integrity was further assessed using the RNA 6000 Nano LabChip Kit on an Agilent Bioanalyzer (Agilent Technologies, Stratagene, La Jolla, CA). For subsequent PCR amplifications, first strand cDNA was synthesized from 5 mg of total zebrafish RNA using an oligo(dT) primer and the AffinityScript Q-PCR cDNA synthesis kit (Agilent Technologies) or from 3mg of total bovine RNA using random hexamers and the High Capacity cDNA reverse transcription kit (Life Technologies, Saint-Aubin, France), following the supplier's recommendations.
Oligonucleotide primers were designed (Eurogentec, Herstal, Belgium) in the open-reading frame of the zebrafish sequences (Vanbeselaere et al. 2012) . PCR amplifications were carried out with the Taq Core kit DNA polymerase (Qiagen, Courtaboeuf, France). Annealing temperatures ranged from 48 to 55 C and amplified fragments were subjected to 2% agarose gel electrophoresis, visualized by Ethidium Bromide, gel-extracted and subcloned in the pCR2.1-TOPO vector (TOPO TA Cloning, Invitrogen, Cergy Pontoise, France), and entirely sequenced (GATC Biotech AG, K€ oln, Germany).
Quantitative PCRs were performed using one TaqMan Gene Expression Assay (Applied Biosystems, Life Technology) made-to-order form for each st3gal gene, with the exception of the st3gal3 gene carried out with two assays. Amplifications of the six mammalian st3gal genes and five independent housekeeping genes used as control genes (18S, ACTAB, B2M, PPIA, Tbp) were done in triplicate according to the manufacturer's instructions in 96-well microplates and normalized using the 18S RNA, the most stable gene for the five tissues. Twenty nanograms of cDNA was distributed in each well by 2-min centrifugation at 260 Â g. Conditions of amplification were 10 min at 95 C, followed by 40 cycles of amplification (15 s at 95 C, 1 min at 60 C). Changes in the fluorescence of the TaqMan probe were monitored on the ABI PRISM 7900HT sequence detector system and quantified using the ÁCt method by the SDS 2.2 software (Applied Biosystems, Life Technology).
Functional Site Prediction Using Conservation between and within Groups
To assess conservation of each groups of 2,3-sialyltransferase subfamilies, we programmed an automatic search of consensus sequences. We considered windows of four consecutive amino acids running along st3gal sequences. Such a four-amino acid peptide was deemed conserved if at least three of four positions could be found in at least 60% of the selected st3gal sequences; otherwise, the position was considered as variable (window length and thresholds on demand). To remove uninformative positions, columns showing more than 50% of gaps were deleted. The final step was to assemble overlapping sequences. The MSA encompassing 382 amino acid positions used for this analysis was the same as the one used for phylogeny analyses. The program written in C++ under Windows environment is available on request. For each subfamily, a consensus sequence was generated using the program described above and then the consensus sequences were aligned with the one generated by MEGA 5.0. The resulting alignment was used to detect two types of functional divergent sites according to Gu (2001) : Type I is variable in one group and conserved in the other(s) resulting in altered functional constraints between duplicated genes, whereas type II positions show different conserved amino acids among groups accounting for different functions or specificities. Prediction of SDPs was performed considering the three groups of subfamilies (GR1-GR3) (Kalinina et al. 2004 ) and these predicted positions located within the active site were mapped into the unique mammalian sialyltransferase 3D structure complexed with CMP and Gal1,3GalNAc-PhNO 2 (PDB code 2WNB) described up to now (Rao et al. 2009 ).
Sequence Similarity Network
To refine the relationships between ST3Gal-related proteins, sequence similarity network was constructed using formatdb, from the stand-alone BLAST software and a custom BLAST database was created. The database included 336 ST3Gal-related sequences according to CAZy classification and 27 ST6Gal I sequences constituting an outgroup of negative control. This approach allowed examining the relationships within large, diverse sets of sequences for which the costs of traditional methods of analysis such as phylogenetic trees would have been prohibitive, due to the difficulty in generating accurate multiple alignments. In addition, the networks provided a graphical overview of interrelationships among and between sets of proteins that are not easily discerned from visual inspection of large trees and multiple alignments. The pairwise relationships between sequences were calculated by a BLASTall search in the custom database with each individual sequence in the set and the E value was taken as a measure of similarity between sequences. It should be mentioned that in a particular database of homologous proteins, the E value can be considered as a type of similarity score, rather than a true expectation value. For this reason, the distantly related sequences of ST6Gal I were included and different E value thresholds were considered: Permissive threshold (1e-55, 1e-60, and 1e-70) and stringent threshold (1e-80, 1e-90, and 1e-100). The network was visualized using Cytoscape version 2.8.3 (Shannon et al. 2003) , where each sequence was represented as a node and edges were defined between any pair of nodes with an E value less than threshold, also the default Cytoscape force-directed layout was applied. Nodes were colored according to the subfamily to which the sequence belongs, either known (ST3Gal I-ST3Gal VI) or predicted (ST3Gal VII, ST3Gal VIII, and ST3Gal IX).
Prediction of Coevolving Positions
Coevolved positions were predicted using the MISTIC web server with default parameters (http://mistic.leloir.org.ar/ index.php, last accessed December 2014) (Simonetti et al. 2013) . Coevolving residue-pairs prediction was based on the calculation of MI between pairs of amino acid residues from an MSA. The results included MI between residue pairs, a perresidue cMI score that measured the degree of shared MI of a given residue and the proximity Mutual Information (pMI), indicative of the networks of MI in the 3D proximity of a residue. To calculate this latter score, we provided a pig ST3Gal I structure (PDB: 2WNB). The crystal structure of pST3Gal I showed a 12 amino acid residues flexible loop (positions 305-316) missing from the electron density. This region was modeled using the loop modeling method of MODELLER software (Sali and Blundell 1993) . We generated 50 examples of the loop region 305-316, which were subsequently ranked by DOPE statistical potential. The highest ranked models were visually inspected and evaluated by Ramachandran plot. The final model showed all torsional angles of the modeled region in the allowed zone. As it is a mobile loop, the model was intended to represent just a possible position of atoms in space in order to visualize the prediction results in the context of the complete protein for a better understanding of the functional importance of this region.
